ABSTRACT: Many diseases can be characterized by the abnormal activity exhibited by various biomolecules, the targeting of which can provide therapeutic and diagnostic utility. Recent trends in medicine and nanotechnology have prompted the development of proteasesensitive nanomaterials systems for therapeutic, diagnostic, and theranostic applications. These systems can act specifically in response to the target enzyme and its associated disease conditions, thus enabling personalized treatment and improved prognosis. In this Review, we discuss recent advancements in the development of protease-responsive materials for imaging and drug delivery and analyze several representative systems to illustrate their key design principles.
■ INTRODUCTION
Enzymatic proteins can exhibit abnormal activity in a wide variety of diseases such as cancer and autoimmune disorders and, therefore, can be exploited for therapeutic and diagnostic purposes. 1−5 This anomalous activity can help to increase the specificity and selectivity of drugs to diseased sites to reduce the harmful consequences of impacting healthy tissues and cells. The ability to detect precisely these activities could also prove beneficial for early stage diagnosis and enable a more accurate evaluation of disease progression. Moreover, imaging of these biomolecules can provide real time information in an noninvasive manner, thus allowing the selection of the most appropriate medical treatments. 6 Enzymes play crucial roles in the progression and spread of cancer, being involved in the processes of cancer cell growth, angiogenesis, and metastasis among others. This importance makes enzymes suitable targets for therapeutic and diagnostic purposes. 1,7−9 There are many unique aspects of tumor physiology and pathology that can be utilized for targeting and treatment. For example, many tumor types contain leaky, irregularly shaped blood vessels that allow therapeutics and imaging probes to enter the tumor easily; poor lymphatic drainage then leads to greater retention. 10 For greater selectivity, however, an active targeting strategy is preferred, one that provides a distinct means of distinguishing cancerous tissues from healthy. In this case, targeting of abnormally expressed enzymes could be advantageous, though there are other tumor microenvironment factors that can also be targeted for improved selectivity, including pH, 11, 12 cell-surface receptors, 13, 14 redox potential, 15 hypoxia, 16 and more. 17, 18 Enzymes are relevant and effective targets for selective cancer drug and imaging probe delivery due to their substrate specificity and ability to perform biological catalysis. 4, 19, 20 A wide variety of enzyme classes are overexpressed in tumor microenvironments, such as proteases, lipases, oxidoreductases, and phosphatases, and serve as potential targets; 3, 21 however, our focus here will center on cancer-associated proteases. The proteases that can be used for cancer therapy and imaging are cathepsins, 22, 23 matrix metalloproteinases, 24, 25 caspases, 9 and urokinases. 7, 19, 26 With a specific protease in mind, responsive drugs and imaging probes can be designed for that target to increase selectivity and efficacy.
Nanomaterials have been used for various medicinal applications and have made a significant impact on the field of drug delivery and diagnosis by improving efficacy and reducing systemic toxicity. 4, 27 A wide variety of platform nanostructures and materials have been developed, 3, 28 including liposomes, 29 dendrimers, 30 inorganic nanoparticles, 31−33 hydrogels, 34−36 protein conjugates, 37 and polymeric nanoparticles. 38−40 Several key design features impact their pharmacokinetic profiles and biodistribution, such as shape, size, and surface chemistry, and must be considered when developing new nanomedicines. 41−46 Specifically, in cancer imaging and treatment, nanomaterial-based systems offer many advantages over small molecule drugs and imaging probes. Nanomaterials have greater solubility and stability in vivo with longer circulation times and slower clearance rates that allow for sustained delivery. With their ability to be engineered for particular stimuli-responsiveness, enhanced accumulation in tumors, and high loading capacity from high surface-area-tovolume ratios, nanomaterials serve as ideal candidates for combating cancer. 4, 47 Certain nanomaterials can also be formed from self-assembling monomers, offering further advantages by simplifying formulation and development through the reduction of unnecessary components. 44, 47 Nanomaterials can be designed to interact with enzymes to induce self-assembly or to trigger drug release within the confines of the tumor(s), which can improve targeting efficacy and reduce unwanted signals or side-effects in healthy tissues. 48−50 Some nanomaterials have found utility in medicine as imaging probes activatable by proteases, whereby enzymatic cleavage turns the probes "on" to yield a detectable signal. 6, 51, 52 This concept is illustrated in Figure 1 . Protease-activated materials have been applied to a wide variety of imaging techniques for disease detection, such as optical/fluorescence imaging, magnetic resonance imaging (MRI), nuclear imaging (PET, SPECT, and CT), and more. 49,53−55 Recent efforts have pushed for the development of imaging probes with multiple modalities to benefit from the advantages each component offers for more accurate signaling. 56 Using protease-sensitive nanomaterials for molecular imaging can improve overall accuracy by enhancing target-site accumulation, increasing detectable signals via enzymatic cleavage, improving resistance to nonspecific degradation, and accelerating clearance from the body to reduce background noise. For cancer, these nanomaterial-based probes can present precise information for early detection, staging, diagnosis, and response monitoring to improve patient care. 55 The benefits of using protease-responsive nanomaterials for imaging directly translate to efficacious drug delivery, 1 which is also illustrated in Figure 1 . In recent years, trends in nanomedicine have been for the development of theranostic agents that are capable of simultaneous or tandem diagnosis and therapy. 27, 28, 57 The combination of imaging and therapeutic capabilities in a nanomaterial-based delivery system offers advantages over imaging and therapeutics alone, with minor trade-offs that can be mitigated by incorporating protease-sensitivity into its design. Theranostic probes can reveal when and how drugs are delivered and allow for monitoring of a patient's response to therapy. From the information obtained by directly visualizing the pharmacokinetics of these agents, it can assist healthcare providers in decision-making by revealing optimal therapeutic strategies for that specific patient, paving the way toward personalized medicine in the future. Using nanomaterial-based systems as theranostic agents can improve therapeutic efficacy, mitigate off-target toxicity, and ultimately lead to better patient outcomes. Integrating protease-sensitivity improves selective accumulation and activation at diseased sites and can help overcome the trade-offs between the different time scales needed for imaging and therapeutics. Molecules with intrinsic duality are ideal candidates, as they are simpler to synthesize and do not have to compromise on the extent of loading between the imaging agent and the drug. 57−62 In this Review, we will discuss recent advances in imaging and drug delivery with protease-responsive nanomaterials for cancer with a focus on theranostic systems, paying particular attention to their molecular design. Since there has been a conscious effort in nanomedicine to design systems sensitive to multiple environmental stimuli for improved selectivity and signal ratios, 13, 16, 63 our discussion will also include systems that incorporate responsiveness to other tumor microenvironment factors in conjunction with protease sensitivity. Tissues containing healthy (pink) and tumor (gray) cells can be treated with various nanomaterials, such as (from left to right) liposomes, protein-conjugates, polymeric nanoparticles, hydrogels, dendrimers, and inorganic metal nanoparticles, to deliver imaging agents or anticancer drugs with improved selectivity to tumor cells by incorporation of protease-responsiveness into the design of nanomaterials.
■ PROTEASE-RESPONSIVE NANOMATERIAL SYSTEMS FOR THERAPEUTICS
Nanomaterials have been widely employed for the improvement of already commercially available anticancer therapeutics, where their ability to improve drug solubility and retention in tumors has helped increase efficacy and safety. 16, 33, 40, 41, 44, 64, 65 Incorporation of protease sensitivity can further improve selectivity to tumor tissue and mitigate harmful side effects to healthy tissues. 66−69 Of particular interest are the following proteases whose abnormal activity is associated with cancer: cathepsins, matrix metalloproteinases, and urokinase-type plasminogen activators. Cathepsins are lysosomal cysteine proteases that play a role in regulating angiogenesis during cancer progression and in initiating and promoting tumor formation, growth, invasion, and metastasis. 22, 23 Matrix metalloproteinases (MMPs) are extracellular zinc-containing extracellular matrix (ECM) endopeptidases that play a role in tumor growth, invasion, and metastasis. 24 The urokinase-type plasminogen activator (uPA) is a serine protease and a member of the uPA system on the cell surface; uPA degrades the ECM and activates its substrate plasmin, which is more destructive. Its activity plays a role in enhancing cell migration, invasion, and metastasis. 70 Although proteases are most often utilized to release drugs from nanomaterial carriers, recent studies have investigated using proteases for inducing formation of nanostructures that may be cytotoxic to cancer cells themselves or to change the shape or size of nanocarriers to impact drug release profiles. 21 In this section, we will discuss recent studies on the design of protease-responsive nanomaterials that release drug cargo or aggregate in tumor microenvironments to yield therapeutic effects, including some examples of systems responsive to other additional microenvironment factors.
Protease-Responsiveness for Cargo Release. In one example, Bossmann and co-workers worked to develop a protease-sensitive liposome that would address common problems faced by liposome carriers, such as decreasing the amount of leaking from the vesicles, increasing their release kinetics, and being able to target cancer cells more specifically. 71 The liposomes were designed with a cholesterol-anchored, graft copolymer containing a uPA-cleavable peptide sequence (SGRSA) and poly(acrylic acid), and the liposomes used have high osmolarities to make them swell more easily. The liposomes are cross-linked with diamine and ethylenediamine, which causes the liposomes to exhibit significantly increased resistance to osmotic swelling and thus prevents premature leaking of their contents. In the presence of uPA, these liposomes are able to deliver their entire payload, indicating their heightened sensitivity to the protease. The focus of this study was on creating and optimizing the design of these liposomes, so no in vitro or in vivo studies were conducted. An optimal design was created by looking at the impact of cross-linking level and degree of polymerincorporation on release against osmotic pressure, showcasing the numerous factors and importance of nanomaterial design to be efficacious for drug delivery. 71 In another example, He and co-workers developed a mesoporous silica nanoparticle (MSN) to improve the targeting of the anticancer drug doxorubicin (Dox) to cancer cells while reducing adverse side effects to healthy cells. 72 MSNs are suitable drug carriers because they have a large loading capacity, are easily functionalized, have low toxicity, and are chemically inert. This design involves a classic rotaxane structure formed between an alkoxysilane tether and alpha-cyclodextrin (α-CD) used to anchor onto orifices of MSNs and act as gatekeeper for doxorubicin release. These are modified with a multifunctional peptide (azido-GFLGR 7 RGDS) that contains α v β 3 integrin (overexpressed on the surfaces of different cancer lines) targeting sequence RGDS, cell penetrating peptide sequence R 7 , and cathepsin B-cleavable peptide sequence GFLG, which function to penetrate tumor cells selectively and release doxorubicin. Figure 2 showcases the design of these MSNs and their mechanism of action. Drug release behavior studies with nanoparticles in PBS showed that the nanoparticles had the greatest release of contents in the presence of cathepsin B at lysosomal pH, indicating the requirement of cathepsin B cleavage for sufficient drug delivery. In vitro studies were conducted with α v β 3 -positive HeLa cancer cells that overexpress cathepsin B and α v β 3 -negative COS7 cells that express cathepsin B at relatively low levels. These studies showed higher uptake in HeLa cells but lower cytotoxicity than free doxorubicin, as shown in Figure 2 , by flow cytometry and MTT assay. The difference in cytotoxicity between the MSNs and free Dox is likely due to the slower rate of endocytosis of the MSNs as opposed to concentration gradient diffusion by free Dox; however, the MSNs have an increased selectivity from α v β 3 -targeting and cathepsin B-triggered drug release that makes them safer alternatives to the free drug. The difference in cell viability between HeLa cells, α v β 3 receptor-blocked HeLa cells, and COS7 cells highlights the selectivity of the α v β 3 -and cathepsin B-targeting motifs of the MSNs. Although no in vivo study has been conducted with these MSNs, this study highlights the advantages of targeting other tumor microenvironment factors (specifically receptor overexpression) in conjunction with protease overexpression for improving the selectivity of drug delivery and release to cancer cells over healthy cells. 72 In another example with multiresponsiveness, Jiang and coworkers developed a nanoparticle system responsive to both extracellular pH and MMP-2 activity for gene delivery. 73 Their design involves dendrigraft poly lysine (DGL) that complexes and condenses DNA to form a nonviral vector nanoparticle via electrostatic interactions. The nanoparticles are modified with a dual-triggered activatable cell-penetrating peptide (dtACPP), composed of a pH-sensitive masking peptide (e 4 k 4 , D-amino acids, pI = 6.4), an MMP-2 substrate (PLGLAG), and a polycationic cell-penetrating peptide (nonarginine). The dtACPPs are conjugated to the surface of a DGL via α-malemidyl-ω-N-hydroxysuccinimidyl polyethylene glycol (MAL-PEG-NHS) to create the gene nanocarrier, dtACPP-PEG-DGL (dtACPPD). The internalization of the nanoparticles via the cell-penetrating peptide is inhibited until the nanoparticles enter environments with pH values typical of tumors; here the now positively or neutrally charged pHsensitive masking peptide can be cleaved by overexpressed MMP-2 to then enhance cellular uptake of the genes to cancer cells. Cytotoxicity of the dtACPPDs was tested using flow cytometry and fluorescent microscopy with BEL-7402 hepatocellular carcinoma cells cultured at either pH 6.0 or 7.4 and pretreated with or without MMP-2, showing uptake as high as 90.6% in the presence of MMP-2 at a pH of 6.0 (mimicking slightly acidic tumor microenvironment). In vivo testing with mice showed progressive accumulation of dtACPPDs in tumors over time with the smallest accumulation in liver and kidneys in comparison to different control groups. This study further showcases the benefits of multiresponsive targeting to cancer cells and how its incorporation into nanocarrier design can improve overall therapeutic efficacy. 73 In a study by Mallik and co-workers, they designed nanovesicles responsive to overexpression of glutathione (GSH) and MMP-9 in the tumor microenvironment to deliver efficiently and selectively the anticancer drug gemcitabine (Gem). 74 An MMP-9-cleavable, collagen mimetic lipopeptide forms nanovesicles with 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), cholesteryl-hemisuccinate, and the reduction-sensitive, PEGlyated 1-palmitoyl-2-oleoyl-sn-glycero-2-phospethanolamine lipid (POPE-SS-PEG 5000 ). The PEGlyation helps instill long circulating characteristics to the nanovesicles while also reducing unintended interactions with circulating proteins. Once at cancer sites, the PEG chains are shed via reduction by GSH, which then exposes the vesicle to MMP-9 degradation, allowing for release of the contents inside. The design and mechanism of release are detailed in Figure 3 . In vitro cytotoxicity was investigated with PANC-1 and MIAPaCa-2 pancreatic cancer cells of Gem-loaded nanovesicles, showing lower cell viability with the PANC-1 line (30−35%), which has a higher expression of MMP-9 than MIAPaCa-2 (viability 45−50%), where dose-dependent cytotoxicity evidence is shown in Figure 3 . In a spheroid culture, the cell viability was similar between free and encapsulated Gem in PANC-1 cells, showing encapsulation does not compromise cytotoxicity while simultaneously improving selectivity. An in vivo xenograft mice model with PANC-1 cancer cells showed a more significant reduction in tumor growth for the Gem-encapsulated, MMP-9-responsive nanovesicles in comparison to vesicles without an MMP-9 substrate in their design, which can be seen in Figure 3 . The difference in tumor growth and the fact that animals remained healthy after treatment illustrates better control of Gem release with MMP-9 selectivity, highlighting another case where multiresponsiveness significantly improves selectivity to cancer cells. 74 Protease-Responsiveness for Nanostructure Formation. Although proteases are often targeting to trigger drug release from various nanomaterials, recent work has been done for the development of nanomaterials systems that use proteases to trigger nanostructure formation to change drug release kinetics or to induce cytotoxicity by their assembly. Maruyama and co-workers detail their design of a gelator precursor that undergoes intracellular self-assembly to form nanofibers, leading to hydrogelation and inducing cancer cell death after interacting with MMP-7. 75 The gelator precursor, N-palmitoyl-GGGHGPLGARK-CONH 2 (called ER-C16), design incorporated a 16-carbon alkyl chain to provide hydrophobic interactions to enhance self-assembly in aqueous solutions attached to a peptide sequence containing the following: the tetrapeptide sequence GGGH to facilitate assembly as a hydrogen-bond acceptor and donor, the MMP-7-cleavable tetrapeptide sequence PLGL for triggering gelation, and the cationic peptide sequence RK to prevent ER-C16 from forming nanofibers until cleaved off by MMP-7. From TEM imaging, the group found that the gelator precursor forms micelle-like structures until exposed to MMP-7 which initiates self-assembly to nanofibers. The cytotoxicity of ER-C16 was investigated in vitro with HeLa cancer cells and MvE normal human microvascular endothelial cells, where their coculture with exposure to ER-C16 confirmed its selectivity to cancer cells due to increased uptake in HeLa cells. The decreased levels of cell viability confirmed the relationship between cell death and high intracellular toxicity and provides a therapeutic strategy that cancer cells are unlikely to acquire drug resistance to, highlighting a different but effective use of nanomaterials to selectively target and treat cancer. 75 Xu and co-workers have been exploring the concept of enzyme-instructed self-assembly for therapeutics for the past few years, developing a peptide-based system that responds to alkaline phosphatase for the formation of hydrogels. 76 Their earlier design involves the conjugation of the anticancer drug taxol to a succinic acid linker to attach the phosphatase substrate and self-assembly motif (NapFFKYp) to form a hydrogelator precursor. 77 After exposure to enzyme activity, the precursors self-assemble into nanofibers and form a supramolecular hydrogel of the taxol derivative, instilling the dual role of delivery vehicle and therapeutic to this molecule. An in vitro study with HeLa cancer cells was conducted and showed comparable cytotoxicity between the precursor and free taxol. Taxol activity is conserved within the hydrogel and the concentration of the precursor molecule can be used to control the release rate. 77 In a more recent example of their work, Xu and co-workers demonstrated the importance of precursor design for enzyme-instructed self-assembly (EISA) for selective killing of cancer cells. 78 In this study, they designed and synthesized two different D-tetrapeptides (ffyy and analogues) containing one or two phosphotyrosine residues capped with a naphthyl group, where dephosphorylation causes the peptides to self-assemble into nanofibers in water and the use of D-amino acids prevents endogenous protease degradation. The NapFF and NapF are residues with great self-assembly promoting motifs because of aromatic−aromatic interactions, and the tyrosine residues provide a site for mono-or diphosphorylation to explore the effect of multiple enzymatic triggers on selectivity. TEM images showed that the monophosphorylated precursors form nanofibers better due to less solubility than the diphosphorylated precursors and that the peptide sequence fyfy has a higher tendency to self-assemble. In vitro cytotoxicity studies were conducted with HeLa cervical cancer cells and Saos-2 osteosarcoma cells that showed that precursors inhibited growth of both cell lines by EISA, but response to precursors was dependent on expression levels of alkaline phosphatase and mechanism of cell death was dependent on the cell line. Although this lab presents an example of EISA using phosphatases, it highlights the utility of nanomaterials, the importance of their design factors, and the variety of other enzymatic targets that can be used for increasing selectivity to cancer cells. 78 This strategy offers an effective means of overcoming drug resistance and treating multiple cancer lines. 79 In another example, Ulijn and co-workers demonstrated the use of proteases to induce a morphological change in nanostructures from micelles to nanofibers to impact drug release rates. 80 In their initial design, the nanostructures were loaded with the anticancer drug doxorubicin (Dox), and contained the following units: a self-assembly motif for formation of nanofibers that provides a hydrophobic binding region for drug candidates (phenylacetyl-FFAG), an MMP-9-cleavable sequence, and a hydrophilic peptide sequence (LDD) that favors formation of micelles. MMP-9 cleaves off the hydrophilic unit of PhAc-FFAGLDD and confers the micelles into fibers by changing the balance between hydrophobic and hydrophilic interactions, allowing for localized and sustained delivery of Dox to cancer cells. 80 They also developed a peptide-based design (GFFLGLDD) that has the same properties as their first design for the reconfiguration of Doxloaded micelles to nanofibers, 81 and both designs are detailed in Figure 4 . The reconfiguration of micelles to fibers via MMP-9 hydrolysis was confirmed with AFM and TEM for both precursor designs, and aggregation was not impacted by the presence of Dox. An in vitro study was conducted with MDA-MB-231-luc-D3H2LN breast cancer cells that showed significantly reduced cell viability following treatment with both precursors but slightly lower with the peptide-based design (35% vs 37.5% viability, data shown in Figure 4) , and confocal microscopy confirmed uptake of drug by presence of aggregates in cytoplasm and nucleus of cells with larger aggregates outside cells, indicating local and sustained delivery were possible and effective with these precursor molecules. The same cancer cells were used for a xenograft mice model for in vivo efficacy studies, which further validated the selectivity and efficacy of the system for localized and sustained delivery of Dox. 81 This study exemplifies the wide-ranging utility of nanomaterials for cancer therapy and highlights the role proteases can play in formation of nanostructures to control drug release, similar to the other works mentioned in this section.
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■ PROTEASE-RESPONSIVE NANOMATERIAL SYSTEMS FOR DIAGNOSTICS
Extensive work has been conducted over the past decade on the development of molecular probes with sensitivity to proteases overexpressed in cancer cells. 51,52,82−85 The following proteases whose abnormal activity is associated with cancer or whose activity is an indicator of cell death are of particular interest: cathepsins, matrix metalloproteinases, urokinase-type plasminogen activators, and caspases. Cathepsins, MMPs, and uPA were discussed in the previous section for their use in therapeutics, but this can directly translate for targeting with imaging agents. Caspases are cysteine-aspartic proteases whose activity is involved in apoptosis and inflammation and therefore can be utilized as means of visualizing drug activation and efficacy. 86 A wide variety of imaging modalities can be used in cancer diagnostics, such as fluorescence imaging, MRI, and PET, each offering their own advantages. 53 However, different imaging techniques do possess their own limitations, and thus different nanomaterial systems have been designed to incorporate more than one modality, allowing for more holistic and accurate imaging. 42 In this section, we will discuss various nanomaterial systems sensitive to these proteases that use various modalities for the imaging and diagnosis of cancer.
Matrix Metalloproteinase-Sensitive Systems. Matrix metalloproteinases (MMPs) are popular targets for cancer imaging due to their overexpression in many cancer types and easy accessibility based on their location on and around cell surfaces. Various imaging modalities have been incorporated into MMP-detectable systems, and utilization of nanomaterials have improved the efficacy of these systems. For example, NIR FRET-based probes conjugated to gold nanoparticles as a fluorescence quencher have been shown to be effective in detection of MMPs and could be used for early diagnosis of cancer. 87 Recent examples of MMP-responsive nanomaterial systems are highlighted here.
A novel signal-amplifiable self-assembling 19 F NMR/MRI probe was developed by Hamachi and co-workers for imaging MMP-2 activity, where there is no observable signal when the probes are aggregated as nanoparticles but enzyme cleavageinduced disassembly turns the signal "on". 88 The probe itself is composed of an MMP-2 substrate peptide (GPLGVRG), with the 19 F NMR imaging moiety (3,5-bis(trifluoromethyl)-benzene) attached to a lysine residue at the C-terminal end and a hydrophobic dodecyl (C 12 ) chain on the N-terminal end. The self-assembly into nanoparticles helps resolve issues concerning low sensitivity and poor delivery, whereas the 19 F MRI modality has high NMR sensitivity with no background noise in vivo, making this a seemingly effective design for tumor imaging. The probes showed in vitro efficacy with cancer lines known to secrete MMP-2, but the 19 F MRI modality proved to not be as sensitive as available 1 H MRI probes, such as those that are gadolinium-based. 88 Another example of a nanoparticle system was developed by Liu and co-workers, consisting of a novel activatable photoacoustic nanoprobe for in vivo imaging of cancer-associated MMPs. 89 The probe is composed of an NIR-absorbing copper sulfide (CuS) nanoparticle connected to a black hole quencher (BHQ-3) via an MMP-cleavable peptide linker (GPLGVRGKGG), and showed in vitro reactivity to MMP-13. The BHQ-3 molecule and the CuS nanoparticle have different absorbance peaks, and comparing signals at these wavelengths can yield photoacoustic imaging of MMP activity. In a mouse model, the nanoparticles are able to detect SCC7 breast cancer cells with in vivo photoacoustic imaging, which in comparison to optical imaging, the mechanism of photoacoustic imaging offers distinctly improved in vivo spatial resolution and exhibits significantly improved tissue penetration. This system offers an interesting and unique design for an alternative imaging modality to optical fluorescence and presents its own advantages for tumor detection and imaging. 89 Over the past decade, Tsien and co-workers have been working on the development of molecular probes for the detection of MMP activity in tumors. 90 The basis of their design is the incorporation of cell-penetrating peptides (CPPs), which are integral for overcoming multidrug resistance in tumor cells. 91, 92 In their early design, their molecular probe comprised of a polyarginine-based CPP (called activatable CPPs), blocked by an inhibitory peptide sequence with negative charges, and a linker between these two domains, which when cleaved by MMP-2 or MMP-9, allows for the CPP and its cargo, a far-red fluorophore, Cy5, to enter cancer cells. This design showed early promise with great in vivo contrast ratios and elevated standard uptake values in tumors relative to normal tissue in HT-1080 cancer in mice. 90 Further studies showed that these probes can target many xenograft tumor models from different cancer sites and that background uptake into normal tissue could be decreased by attaching inert macromolecules, sparking an investigation into nanomaterial conjugates. 93 The group developed dendrimeric nanoparticles coated with their activatable CPPs labeled with either Cy5 for fluorescence imaging, gadolinium for MRI, or both. 94 The peptide sequence, PLDLAG, serves as the MMP-cleavable linker, where cleavage separates the inhibitory domain from the loaded, CPPconjugated polyamidoamine (PAMAM) dendrimer nanoparticle. The schematic of the nanoparticles, in vivo fluorescence images, and time-dependence and biodistribution data are detailed in Figure 5 . The nanoparticles had significantly higher uptake in tumors than the activatable CPPs alone, allowed for fluorescence detection of tumors as small as 200 μm, and deposited high levels of Gd in tumors yielding MRI T 1 contrast that lasts several days after injection. The nanoparticle conjugation reduces background noise and improves uptake into tumor cells. Loading of the dendrimer nanoparticles with MRI and fluorescence imaging modalities improves its utility by giving it the advantages of both techniques, finding uses in MRI-guided staging and fluorescence-guided resection for many different cancer types in various parts of the body. 94 The group has also applied this nanotechnology to the MRI and fluoroscence imaging of atherothrombosis and stroke with different enzyme targets, and incorporated integrin α v β 3 -targeting in addition to MMP-2 sensitivity for improved sensitivity and selectivity of their probe, showcasing the ubiquity of protease-responsive nanomaterials in the imaging of many diseases.
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Cathepsin-Sensitive Systems. Many groups have conducted work over the past decade exploring the development of cathepsin-sensitive probes. Many probes have incorporated various imaging modalities, such as optical imaging with fluorescence resonance energy transfer (FRET)-based probes or magnetic resonance imaging, and later have been combined with nanomaterials to improve signal ratios and targeting. 22, 82, 98 Molecular probes with cathepsin-sensitivity designed by some groups have showed a lot of potential for clinical applications. Very recently, the laboratories of Kirsch and Brigman have developed a near-infrared FRET-based probe with sensitivity to various cathepsins, particularly cathepsin S, that have progressed to ex vivo first-in-human phase 1 clinical trials in patients with soft tissue sarcoma or breast cancer. 99 Showing that their probe design is safe for use in humans and yields tumor-specific fluorescent signals, these probes could very well make it to a clinical setting. This design, however, lacks the advantages offered by nanomaterials, and successful completion of clinical trials could suggest nanomaterial systems may be just as effective for cancer imaging, if not more.
Another recent example of a cathepsin-responsive nanomaterial system was developed by Cui and co-workers, comprised of molecular probes that self-assembles into a supramolecular structure they called nanobeacons. 100 Their nanobeacons are comprised of hydrophobic and hydrophilic domains, where the amphiphilic nature helps to induce the self-assembly of the probes into core−shell micelles in aqueous environments. The hydrophobic domain consists of a fluorescent green dye, 5-carboxyfluorescein (5-FAM) and a black hole quencher, BHQ-1, whereas the hydrophilic domain consists of an HIV-1 derived cell-penetrating peptide sequence, Tat 48−60 , where the charged residues allow the nanobeacons to be responsive to changes in pH. The fluorophore and quencher are held in close proximity for FRET by a cathepsin B (CatB) cleavable linker (GFLG sequence). The imaging modality is contained within the nanobeacon after spontaneous assembly into micelles and thus protected from CatB cleavage, until the nanobeacons are converted back to their monomeric form by pH or dilution to below its critical micellization concentration (CMC). The nanobeacons proved effective after incubation with MCF-7 human breast cancer cells in vitro, where confocal imaging and flow cytometry showed localization of the fluorescence signal in lysosomes and an increasing signal over time. 100 The group continued studying their nanobeacons by investigating the role that their shape and surface chemistry play on their uptake and activity in vitro. 101 This design incorporates the same quencher, fluorophore, and CatBdegradable linker, but instead uses a GNNQQNY central assembly sequence derived from Sup35 7−13 that can spontaneously associate into different morphologies based on temperature and incubation time in aqueous solutions. This sequence was modified with either three lysine or three glutamic acid residues for either positive or negative surface charge, and the probes were allowed to form either spherical or filamentous shapes. By observing cellular uptake by PC3-Flu metastatic human prostate cancer cells, they were able to show that positively charged nanobeacons had much higher uptake efficiency as opposed its monomeric form, making this combination of shape and surface chemistry most-suited for intracellular sensing. The nanobeacon filaments had significantly lower internalization by cancer cells, making them more suitable for sensing extracellular proteases, like MMPs and uPA. The molecular design, nanobeacon characteristics, and confocal images and flow cytometry data of cellular uptake can be seen in Figure 6 . 101 Although in vivo work was not conducted, these studies are revealing of a nanoscale system with potential for significant tumor accumulation and accurate sensing based on the optimal shape and surface chemistry for their target protease.
Urokinase-Sensitive Systems. Urokinase-type plasminogen activator (uPA) of the urokinase-type plasminogen activator system is an attractive target for cancer sensitivity due to its overexpression in a handful of cancer lines and its presence on the exterior of the cell membrane. Over the past few years, molecular probes and nanomaterial systems responsive to uPA activity, particularly for breast cancer imaging, have been developed. 102 For example, Law and coworkers developed a self-assembled nanofiber from a PEG 2000 -peptide conjugate. 103 The uPA substrate, SGRSANA, served as a linker between the hydrophobic D-amino acid domain and the hydrophilic PEG domain with conjugated fluorescein isothiocyanate (FITC) for fluorescence imaging., where in the selfassembled state, no signal could be detected due to aggregation-induced quenching. Although only a proof-ofprinciple study, this group showed the applicability of their technology to in vivo uPA activity imaging for cancer detection. 103 Continuing with this concept, Law and co-workers developed an NIR molecular probe with a similar structure as mentioned before, with a PEG-based hydrophilic domain conjugated to the near-IR dye, NIR664, linked by a uPA-cleavable peptide sequence to a hydrophobic D-amino acid sequence, which allows for self-assembly into nanofibers in aqueous solution. 104 These nanofibers were able to detect uPA activity from several human cancer cell lines in vitro with very high fluorescence signals, giving more evidence to the applicability of these nanofibers for the diagnosis and even treatment of cancer based on different expression levels of uPA activity. 104 Another interesting nanomaterial design for cancer imaging via uPA proteolysis was developed by Stevens and coworkers. 105 They designed multiplex assay nanoparticles that are able to detect uPA activity and human epidermal growth factor receptor 2 (Her2) kinase activity, which are both overexpressed in breast cancer. Their system consists of two quantum dot (QD) populations with different emission wavelengths and orthogonal surface functionalizations for signal independence between the two different enzymes. The QDs serve not only as a reporter molecule but also as a scaffold for conjugates attached via enzyme-specific linker peptide sequences. The QD, QD525, was used for uPA-sensing and was attached to the uPA-cleavable linker sequence, SGRSAN, which is covalently coupled to a gold nanoparticle that quenches the QD signal until cleaved away by uPA. A similar design was implemented for Her2 kinase detection, where phosphorylation of the Her2 kinase-sensitive linker induces FRET-based quenching. This system is the first demonstration of a nanoparticle-based activity assay being able to simultaneously sense the activity of two different classes of enzymes, which can provide prognostic information for breast cancer patients. 105 Caspase-Sensitive Systems. Caspases are useful imaging targets due to their role in programmed cell death, like apoptosis, and inflammation. The information obtained by visualizing when cells undergo apoptosis can elucidate information about the pharmacokinetics of a certain therapeutic and allow for long-term monitoring of drug response in a patient. 86 An example of a caspase-sensitive nanomaterial system is described here for visualization of cancer cell response to different chemotherapeutics.
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A caspase-sensitive nanoaggregation fluorescent probe, called C-SNAF, was developed by Rao and co-workers that uses a biorthogonal cyclization reaction that triggers self-assembly and yields an aggregation-induced NIR fluorescence signal. 106 The C-SNAF probe contains D-cysteine and 2-cyano-6-hyrdoxyquinoline (CHQ) moieties that are linked to an amino luciferin scaffold. Additionally, it contains a L-DEVD capping sequence and a disulfide bond that are required for a two-step activation with caspase-3/7-mediated cleavage and an intracellular thiolmediated reduction, which consequently promotes aggregation and gives NIR signal from Cy5.5 dye. Figure 7 details the molecular design of C-SNAF and the mechanism of nanoaggregation in live versus apoptotic tumor cells. As indicated by fluorescence and 3D-SIM imaging in Doxorubicin-treated mice tumor models, this probe is able to penetrate into tumor tissue after IV injection and successfully report tumor-cell death induced from chemotherapy in vivo. The probes are rigid and hydrophobic after undergoing cyclization that promotes nanoaggregation, where they are retained in apoptotic cells and give high imaging contrast for detection of therapeuticresponse. 106 Rao and co-workers have expanded on this design to incorporate different imaging modalities. A Gd-based MRI probe, called C-SNAM, was developed, with prolonged accumulation in chemotherapy-induced apoptotic cells and tumors with significantly brighter contrast between treated and nontreated tumors. 107 Additionally, a 18 F-based PET probe was developed which also had significantly higher tumor signal and tumor-to-muscle ratios in murine models in response to tumor therapy. 108, 109 The group also applied this technology for apoptosis imaging with caspase-activity in arthritis, 110 highlighting the vast applicability of this probe design to imaging drug efficacy for many diseases.
■ PROTEASE-RESPONSIVE NANOMATERIAL SYSTEMS FOR THERANOSTICS Many promising and efficacious systems have been developed for cancer imaging and drug delivery, which has helped sparked interest in studying and designing theranostic systems. These systems allow for simultaneous imaging and treatment and offer a means of visualizing the pharmacokinetics and biodistribution of therapeutics used for a cancer patient. 27 Theranostic nanomaterials can benefit from the incorporation of proteasesensitivity for improved selectivity, but multiresponsive systems that include protease-responsiveness have become popular for designing more efficacious drug delivery and imaging systems. The nanomaterial systems can respond to other factors in the tumor microenvironment, such as cell-surface receptors, 111, 112 pH, 73, 113, 114 and other classes of enzymes, 115 thereby increasing sensitivity and selectivity and thus improving the overall efficacy of the cancer treatment. In this section, we will be discussing theranostic nanomaterial systems responsive to protease activity, including some examples that are sensitive to other factors in the tumor microenvironment.
An early example of the development of a theranostic probe was by Zheng and co-workers that showcased the possibility and advantages of simultaneous imaging and treatment of tumor cells. 116 Their probe is capable of photodynamic therapy for cancer, where photodamage is induced via irradiation, and subsequently gives a near-infrared fluorescence signal to indicate successful induction of apoptosis. The molecular design contains the photosensitizing agent, puropheophorbide a (Pyro), dual fluorescence and singlet oxygen quencher, BHQ-3, and a caspase-3-responsive peptide linker sequence, GDEVDGSGK. When tumor cells are irradiated with light in the presence of these molecular beacons, the photosensitizer converts oxygen into singlet oxygen, which destroys mitochondrial membranes and triggers apoptosis; therefore, caspase-3 expression will increase and act to cleave the linker sequence and give a detectable signal to indicate cell death. This design showed efficacy in vitro and was later shown to have in vivo efficacy after the incorporation of folate into the molecular design to target overexpressed folate receptors on the surfaces of cancer cells to induce endocytosis and improve selectivity to tumor tissue. 116, 117 Further work was done to improve design by instead using an MMP-7-sensitive linker for targeting to tumor cells, which simplified molecule complexity and synthesis requirements while also yielding comparable selectivity and therapeutic efficacy as earlier designs in vitro and in vivo.
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These beacons showcased mitigated nonspecific accumulation and enhanced tumor cell death in human breast carcinoma cells (MT-1 line) that commonly produce spinal metastases, where risks of spinal cord damage are very high, offering a safe approach of selective photodynamic therapy while preserving critical tissues. 119 Their beacon design has shown efficacy for other types of cancer metastases without the incorporation of a nanomaterial, which could be useful in improving tumor accumulation, but regardless, the molecular beacons exemplify the utility of theranostics for cancer treatment. 120 Although the previously discussed example detailed an effective theranostic probe, using nanomaterials can prolong circulation time, reduce possibility of nonspecific activation, and increase accumulation at tumor sites. 4, 47 The laboratories of Kim and Ahn designed gold nanorods with MMP-sensitivity for cancer treatment and imaging. 121 When irradiated, the gold nanorods absorb the near-infrared laser light and convert it into heat as a means of hyperthermal therapy for cancer cells, which are more susceptible to treatment due to their lower heat tolerance from poor blood supply. The near-infrared dye Cy5.5 was conjugated to the surface of the nanorods via the MMPsensitive peptide linker sequence, GPLGVRGC, which is responsive to a variety of MMPs. Gold is a popular material for imaging due to its exhibition of surface plasmon resonance, where it can serve as a fluorescence quencher as it does in this design. These nanorods were studied with HeLa cells in vitro and with SCC-7 tumors in mice, where the nanorods showed the ability to kill cancer cells effectively and very rapidly, as temperatures could increase over 45°C in little as 4 min. However, the external skin of the mice was burned at tumor sites and nonspecific damage seems unavoidable with this design. Only the imaging function of this design is sensitive to the overexpressed MMP activity in tumors and the therapeutic function can be delivered regardless of MMP presence; therefore, further modifications could be added for improving selectivity. However, this does represent a unique therapeutic approach, and it showcases the importance of selectivity and the utility that gold possesses for theranostic applications. 121 In another example of utilizing inorganic nanostructures, Cheng and Xing report the design of a protease-responsive, core−shell, dual-imaging magnetic silica-coated nanoparticles. 122 The anticancer-drug, doxorubicin (Dox), is conjugated to a cathepsin B-cleavable peptide sequence (FK) with a paraaminobenzyloxycarbonyl (PABC) linker, and through click chemistry, they are attached to the surface of uniform silicacoated, superparamagnetic iron oxide nanoparticles via an azido-dPEG 4 linker. Doxorubicin is a red fluorescent drug, which in conjunction with the iron oxide nanoparticles, allows for dual-modality imaging of both MRI and optical imaging. With confocal microscopy and MRI spectroscopy, they showed highly efficient release of Dox upon interaction with cathepsin B in HT-29 cancer cells in vitro. Cell viability was comparable between nanoparticle-treated and free drug-treated cells but was much higher for the nanoparticle-treated negative control cells than free drug, indicating that the nanoparticles function to give selective tumor intracellular drug delivery and imaging while keeping healthy tissues safe. 122 This system, while showcasing dual-modality for imaging, also contains an intrinsically theranostic moiety in Dox, which greatly improves efficacy as a theranostic for cancer.
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Expanding upon this notion of intrinsically theranostic systems, by using moieties capable of both imaging and therapy in the design of nanomaterial systems for cancer, there is no longer a need to compromise on the extent of loading between imaging and therapeutic moieties nor long lag time periods present between drug activation and corresponding optical signal. Cui and co-workers developed, to the best of their knowledge, the first enzyme-specific Dox prodrug conjugated with a dark chromophore quencher capable of both diagnostic and therapeutic functions. 123 Their FRET-based molecular probe contains red-fluorescent anticancer drug, Dox, a black hole quencher (BHQ-2) conjugated via a cathepsin B-sensitive peptide linker (GFLG), and a cell-penetrating peptide sequence (R8) to help circumvent drug resistance in some cancer lines. Confocal images taken of NCI/ADR-Res ovarian cancer cells, which are resistant to Dox, indicate the efficacy of the drugbeacons to simultaneously image and treat cancer while overcoming drug resistance, as the drug-beacons showed significantly better cytotoxicity in comparison to free Dox. Although this system does not incorporate any nanomaterials, the beacons could be modified to self-assemble into nanostructures for in vivo efficacy. The intrinsic theranostic ability of this system simplifies molecular design and offers sufficient drug loading with direct visualization of drug activation. 123 In another example, Rao and Daldrup-Link report the design of a novel, multifunctional theranostic nanoparticle with the capability to release drugs via enzymatic cleavage and to give MR and fluorescence imaging of drug delivery in vivo. 124 The design incorporates a magnetic iron oxide nanoparticle, ferumoxytol, conjugated to an MMP-14-responsive peptide sequence that holds the green-fluorescent dye, fluorescein isothiocyanate (FITC), and a vascular disrupting agent, azademethylcolchicine (ICT), creating a theranostic probe they call CLIO-ICTs. The molecular design and mechanism of action of CLIO-ICTs are detailed in Figure 8 . Upon treatment of MMP-14-positive MMTV-PyMT breast cancer cells with CLIO-ICTs, significant cell death was observed in vitro, but not for cells treated with ferumoxytol alone nor MMP-14-negative fibroblasts, indicating MMP-14-sensitivity is needed for effective delivery. Tumor-bearing mice were given IV injections of the nanoparticles, and subsequent MR imaging showed significant tumor accumulation of CLIO-ICT and was confirmed with histopathology staining, further demonstrating the selectivity of the nanoparticles to tumors and not healthy tissues. MR images and corresponding signal data are given in Figure 8 . The dual-modality imaging offers the advantages of both techniques in a single probe that also treats cancer, the nanostructure design increases tumor retention, and together, improve the overall antitumor efficacy. 124 Although protease-responsiveness is an effective means of increasing tumor selectivity, incorporating other factors of the tumor microenvironment alongside protease-activation can further improve cancer targeting. The groups of Mao and Yang report on the design and effectiveness of urokinase plasminogen activator receptor (uPAR)-targeted, cathepsin Bsensitive magnetic iron oxide nanoparticles (IONPs) that carry the chemotherapeutic drug gemcitabine (Gem). 125 The iron oxide nanoparticles are conjugated with an amino-terminal fragment peptide (ATF) of the receptor-binding domain of uPA and Gem via a cathepsin B-cleavable peptide linker (GFLG) on their surfaces, with nanoparticles being called ATF-IONP-Gem. The molecular design specifics and means of activation are detailed in Figure 9 . The nanoparticles showed higher drug release in more acidic surroundings, which is representative of the lysosomal and endosomal environments that contain cathepsins. In vitro and in vivo studies of ATF-IONP-Gem efficacy with the MIA PaCa-2 human pancreatic cancer cell line showed that free Gem only inhibited tumor growth by 30%, whereas ATF-IONP-Gem exhibited approximately 50% tumor growth inhibition in xenograft mice. Cell viability and tumor weight data post-treatment are provided in Figure 9 . The delivery of ATF-IONP-Gem and presence of residual tumors could then be detected noninvasively by MRI using both T 2 -weighted and T 1 -weighted ultrasound echo time imaging, allowing for monitoring and assessment of treatment efficacy. The significant difference in tumor treatment between nanoparticles with only cathepsin B-sensitivity and those with uPAR and cathepsin B-targeting emphasizes the increasing selectivity to tumor tissue by incorporating responsiveness to multiple factors in the tumor microenvironment, which is promising for the development of safer and more personalized medicine in the future via theranostics. 125 
■ CONCLUSION
A better understanding of the molecular basis of many diseases has been developed over the years, particularly in regards to cancer, leading to the identification of microenvironment factors and cellular features that are representative of diseased tissues. These factors have been significantly beneficial in improving the efficacy and selectivity of imaging agents and therapeutics to tumor tissues. Proteases, which are overexpressed in many cancer types at various cellular locations, play important roles in cancer progression, and therefore represent attractive targets for diagnostics and therapeutics. Nanotechnology can further improve the efficacy of imaging agents and pharmaceuticals, where design factors can be modified to influence the characteristics of nanomaterials and impact their delivery properties, primarily through improvement of the pharmacokinetic profile and biodistribution of molecular probes and free drugs. The combination of imaging and therapeutics has opened a new field of medicine called theranostics, producing systems that possess the ability to monitor drug delivery, drug release, and drug efficacy using a single entity. Incorporating protease-responsiveness into a theranostic platform can assist with early stage cancer diagnosis, give an accurate evaluation of cancer progression, and noninvasively provide real time information to healthcare providers to choose appropriate medical treatments. Such multifunctional platforms can improve clinical outcomes and pave the way toward personalized medicine. In this review, we have discussed recent examples of therapeutic, diagnostic, and theranostic nanomaterial systems that have proven useful for cancer treatment.
Looking forward, the selection of the proper protease target is critical in theranostic system design, as some proteases may prove more beneficial for imaging or drug delivery based on their location in, on, or around cancer cells. Signals and delivery are susceptible to protease location, quantity, and activity, which can vary and are not uniform among all cancer types. Multiple modalities for imaging can give the benefits of multiple techniques in a single probe, yielding more information, but this can complicate the manufacturing process and reproducibility of signals. Although targeting multiple environmental factors increases selectivity, finding the optimal combination to maximize selectivity and preserve healthy tissues is necessary. Additionally, the sequence in which the system will respond to these factors must be considered for the highest efficacy. Trade-offs occur when combining imaging and therapy, such as compromising on the loading of one agent over the other, accounting for the difference in the necessary concentration for good imaging contrast and therapeutic response, and considering the optimal circulation times between different agents (imaging agents benefit from faster clearance whereas therapeutics benefit from sustained delivery). These issues can be addressed by using molecules that possess both imaging and therapeutic properties and work should be done to develop these types of theranostic probes. Addressing these challenges will yield better clinical outcomes for cancer treatment and bring us closer to personalized medicine.
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